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We review recent work on the adsorption of proteins on two types of well-deﬁned colloidal particles,
namely on i) spherical polyelectrolytes that consist of a solid core onto which long chains of a poly-
electrolyte are attached, and ii) coreeshell microgels that have a shell of crosslinked poly(N-
isopropylacrylamide) (pNiPAm) chains. The latter system may bear charges as well by copolymeriza-
tion with acrylic acid. The surface layers of both systems that have a thickness of ca. 50 nm create a
microenvironment in which the salt concentration and the pH differ from the outside solution.
Adsorption of various proteins to these particles is monitored by various methods including calorimetry,
ﬂuorescence spectroscopy and small-angle X-ray scattering. These investigations also include studies of
the kinetics of adsorption. The secondary structure of the proteins can be analyzed in these systems by
FT-IR spectroscopy. Their tertiary structure can be checked by measurements of the enzymatic activity. In
some cases the adsorbed enzymes exhibit an even higher activity as compared to the free protein in
solution. We review the application of these techniques to monitor adsorption of proteins to these
particles. All data demonstrate that both types of particles present model systems that help us to explore
the main driving forces of protein adsorption.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license. 1. Introduction
The adsorption of proteins onto surfaces is a central problem in
many areas of modern biotechnology and in the ﬁeld of bio-
materials [1,2]. Proteins will adsorb from aqueous solution to
virtually any surface [3] and an understanding of the driving forces
and the kinetics is of fundamental importance for many ﬁelds: On
the one hand, adsorption of proteins must often be prevented in
order to avoid adherence of bacteria or biofouling in medical ap-
plications [4]. On the other hand, immobilization of proteins is
necessary in many technical applications in which enzymes are
used as catalysts. Also, chromatographic puriﬁcation of proteins
requires a deﬁned interaction of the biomolecules with the column
material [5].
In recent years, adsorption of proteins to nanoparticles has
become the subject of intense research [6]. The reason for this is
given by the fact that nanoparticles will be immediately covered by
a dense layer of protein when injected into the blood stream. This
“corona” then will determine the response of the body to theseHumboldt University Berlin,
n.de (M. Ballauff).
C-ND license. particles [7e11] and a precise knowledge of the composition of the
corona and its temporal evolution [12,13] is necessary for e.g.
nanotoxicology, nanomedicine [14], and cell adhesion [15,16].
Moreover, adsorption may often be accompanied by a slow dena-
turation and the immune system of the body “sees” a denatured
protein and not the material of which the nanoparticle is composed
[17,18]. Moreover, protein adsorption is a kinetic phenomenon and
the corona will change with time [12,13]. Highly mobile proteins
adsorbed in an early stage will be replaced by other proteins with
higher afﬁnity in a complex series of adsorption and displacement
steps [19e21].
The obvious importance of protein adsorption to nanotech-
nology has led to an enormous number of papers and reviews
recently. Central to this question is the analysis of the possible
driving forces and their modeling that should lead semi-
quantitative predictions of the tendency of a protein to adsorb on
a given surface [22e25]. The ultimate goal of such an effort must be
the prediction of the composition of a corona of proteins as the
function of the composition in solution.
Polymeric layers have often been used to minimize adsorption
of proteins on surfaces. Coatings of linear [26] and of star-shaped
polyethylene oxide [27] present the state-of-the-art approach to
prevent protein adsorption on surfaces. On the other hand, it has
shown that dense layers of charged polymers (polyelectrolyte
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colloidal particles [30e32] and to planar surfaces [33e36]. Layers of
crosslinked polymers attached to colloidal cores (coreeshell
microgels [37,38]) also attract proteins and may be used to
immobilize enzymes [39e44]. In this way a polymeric layer
attached to a surface opens the way to adjust the interaction of
particles and macroscopic objects with proteins. The understand-
ing of the various forces leading to attractive or repelling interac-
tion of such a biointerphase is hence a central problem in
nanotechnology.
Here we review recent investigations on the adsorption of
proteins on colloidal particles having a well-deﬁned polymeric
shell. Fig. 1 shows both types of particles in a schematic fashion:
The ﬁrst type of particles bears long chains of a polyelectrolyte that
are densely grafted to the surface of the core [28,29], the second
system carries a dense network of poly(N-isopropylacrylamide)
(pNiPAm) and poly(acrylic acid) (PAA) [37,38]. Both systems have
a shell of a thickness between 30 and 150 nm. This shell can be
synthesized in a very controlled fashion using various procedures
developed in recent years [29,38]. Moreover, a wide variety of
methods can be used to characterize these particles in solutionwith
a precision down to the sub-nanometer range. These methods
include scattering methods as small-angle X-ray and neutron
scattering (SAXS, SANS) and cryogenic transmission electron mi-
croscopy (cryoTEM). If the concentrations are not too high, spec-
troscopic techniques working in the visible range as e.g.
ﬂuorescence spectroscopy can be applied. FT-IR spectroscopy
which is not hampered by the turbidity of these aqueous suspen-
sions can be used to determine the secondary structure of adsorbed
proteins with great precision. Finally, most of these techniques can
be applied in a time-resolved manner in order to assess the kinetics
of protein adsorption.
The common feature of both systems is the charge afﬁxed to the
shells. Charges play a major role in protein adsorption since all
proteins carry patches of positive and negative charges on their
surface [45] that may interact with polyelectrolytes as e.g. DNA
[46]. Hence, chargeecharge interactions are important when
considering the interactions of proteins with biointerphases [47].
This review is organized as follows: in Section 2 of this paper we
shall discuss the general features of these particles. In particular,
the role of charges will be considered. It can be shown that the
surface layer of the particles displayed in Fig. 1 can be treated in
terms of a Donnan-equilibrium. Section 3 will give a brief survey of
the methods used so far to characterize both types of particles and
their interaction with proteins. Section 4 then will be devoted to a
discussion of the interaction of proteins with spherical poly-
electrolytes and with coreeshell microgels. A brief conclusion willFig. 1. Schematic presentation of the colloidal particles used in this study. Left-hand s
isopropylacrylamide) (pNiPAm). Charges have been introduced by copolymerization with
polystyrene core onto which linear chains of a polyelectrolyte are densely grafted [29].wrap up the entire discussion. The survey will demonstrate that an
in-depth understanding of protein adsorption to functional nano-
particles with advanced analytical techniques is possible. This
opens the way for developing models with truly predictive power.
2. Polymeric colloids as model particles
2.1. Synthesis and characterization of the particles
The synthesis of spherical polyelectrolyte brushes [29] and of
coreeshell microgels [38] is well advanced and nearly mono-
disperse model systems can be prepared without problems. The
characterization of the particles can be done as discussed recently
for the case of coreeshell microgels [37,38] and for spherical
polyelectrolyte brushes [48]. Dynamic light scattering (DLS) has
become one of the most important tool for the characterization of
the overall size of both types of particles. This method is also
uniquely suited to determine the colloidal stability of the particles
in solution [49,50]. In case of the coreeshell microgels it has been
shown that the hydrodynamic radii determined by DLS agree well
with the ones derived directly from cryogenic transmission elec-
tron microscopy (cryoTEM) [51,52]. Recently, cryoTEM has been
combined with small-angle X-ray scattering (SAXS) in order to
characterize coreeshell microgels in detail [53]. The combination of
both methods showed that the gel layer of these particles is rather
compact. Moreover, the hydrodynamic radius provides a good
measure for the overall size of the particles.
The SPB have also been under scrutiny by precise measurements
of their zeta-potential in solution [54]. Moreover, their effective
charge has been measured by dynamic light scattering and
compared to currentmodels [50]. Finally, recent investigations dealt
with the dielectric spectroscopy of these particles in dilute aqueous
solution [55]. These investigations together with earlier work
summarized in Ref. [29] show clearly that in salt-free solution only
small fraction of the counterions can evade the brush layer, most of
the counterions are conﬁned within the layer. The marked osmotic
pressure within the brush (“osmotic brush” [28]) determines the
properties of the particles in aqueous solution and their interaction
with proteins. If the salt concentration is raised to sufﬁcient ionic
strength, this effect is strongly diminished and the systems behave
nearly as uncharged systems (“salted brush”; Ref. [28]).
2.2. Charged polymeric interfaces: the Donnan-equilibrium
Fig. 2 displays the surface of the systems under consideration
here in a schematic fashion: Charged polymers are densely grafted
to a solid interface that may be either curved or planar. Theide: microgels consisting of a polystyrene core and a shell of crosslinked poly(N-
acrylic acid [37,38]. Right-hand side: spherical polyelectrolyte brushes consisting of a
Fig. 2. The interface between a charged network and the bulk solution. Top: schematic
presentation of the local electrostatic potential f(z) (Donnan-potential) of a negatively
charged brush with thickness of 100 nm as function of the distance z from the solid
surface. Bottom: scheme of the surface onto which charged chains are appended the
charge of which is balanced by a concomitant number of counterions. Most of these
counterions are conﬁned within the polymeric layer.
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brushes (SPB) or crosslinked as in case of the coreeshell microgels.
The charges afﬁxed to the polymeric interlayer are balanced by
counterions. In presence of added salt, co-ions will be present as
well. It is now well-understood that the counterions balancing the
charges of the polymer chains are mainly conﬁned within the
surface layer. For the case of polyelectrolyte brushes this has been
shown a long time ago by Borisov et al. [56] and by Pincus [57] (see
a general discussion of this point in Ref. [28]). In a similar manner it
can be shown that charged nanoscopic network will retain most of
their counterions [58]. As a consequence of this fact, the coreeshell
particles carry only a rather small net charge as determined by an
electrophoretic experiment [54]. Thus, there will be an enormous
osmotic pressure of these conﬁned counterions which will deter-
mine the solution properties of the particles and their interaction
with proteins.In good approximation the conﬁnement can be assumed as total
and electrically neutral. Hence, the small fraction of counterions
evading the charged layer (see Fig. 2) can be disregarded in ﬁrst
approximation. Therefore the concentration of the co- and coun-
terions can be treated in terms of a Donnan-equilibrium. The
equilibrium between the ions inside and outside then will lead to a
concentration of counterions within the network/brush given by
(see e.g. Ref. [28])
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where cs,particle is the salt concentration within the brush or
microgel layer, csalt is the salt concentration in the bulk solution, a is
the fraction of negatively charged monomer units within the
network/brush, and cg is the concentration of acidic monomer units
in the network/brush. When protons are used as counterions, the
pH in the network will be much lower than in the solution and a
partial protonation of proteins inside will result. Close to the iso-
electric point of a given protein, this effect may even lead to charge
reversal [59,60]. In this case a strong interaction of the surface layer
with the protein must result and marked adsorption will occur.
Evidently, chargeecharge interaction matter in this case and pro-
tein adsorption must depend strongly on the overall salt concen-
tration csalt. This is found indeed for planar [33e36] and spherical
polyelectrolyte brushes [30e32].
The foregoing considerations have assumed full localization of
the counterions in the surface layer. However, this assumption
presents an idealization because there will be a transition zone
with a ﬁnite concentration of counterions. This surface layer is
shown schematically in Fig. 2. The surface layer will hence assume a
net charge that can be detected by electrokinetic experiments
[50,54]. This net charge will repel proteins having the same charge
or attract proteins with opposite charge. Moreover, the Donnan-
potential eq. (2) will vary in a continuous fashion when going
from the bulk solution where Df ¼ 0 to the bulk of the layer where
Df assume a constant value. As a consequence of this, the local
electric ﬁeld following as the negative spatial derivative of Df will
be non-zero in this transitory layer. Since the uneven distribution of
charges on the surface of proteins lead to a dipole moment of
appreciable magnitude, this non-zero electric ﬁeldmay then lead to
a further attractive force between the surface layer and the protein.
A quantitative estimate of the magnitude of this effect, however, is
not available at present.
3. Protein adsorption
3.1. Techniques
3.1.1. Isothermal titration calorimetry (ITC)
Since the radius of the particles is in the colloidal domain, that is,
around 100 nm, suspensions of such particles create an enormous
surface in solution. Protein adsorption therefore will lead to strong
enthalpic effects that can be precisely monitored by isothermal
titration calorimetry (ITC). Hence, ITC has become one of the
foremost tools for the study of the interaction of nanoparticles with
proteins [31,32,39,42,61e71]. Extended discussions of the applica-
tion of ITC to the particles under consideration herewere presented
recently [32,44].
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colloidal particles. The general measuring principle of ITC is as
follows: ITC measures the time-dependent evolution of heat Q
upon injections of an aliquot of protein into a solution of microgel
against a reference cell ﬁlled with water. After completion of the
experiment the raw ITC data can be integrated over time to give the
incremental heat DQ as function of the molar ratio between the
protein and microgel. In a separate experiment the heat of dilution
of the protein is measured and subtracted. After correction for the
heat of dilution of the protein the total heat change after each in-
jection can be ﬁttedwith an appropriate equilibrium bindingmodel
to determine the enthalpy DHitc, the binding constant K, and the
number of binding sites N [32,44].
A point that requires special attention is the attainment of
equilibrium. The method applied usually for the evaluation of the
ITC data assumes a Langmuir isotherm, that is, equilibrium be-
tween the adsorbed and the non-adsorbing proteins in solution
(see below). For the particles shown in Fig. 1 it could be shown that
equilibrium is reached indeed. This point will be discussed in
further detail when discussing the kinetics of protein adsorption to
microgels. For hard surfaces, however, protein adsorption is often
irreversible. Hence, titration curves describing the growth of the
adsorbed layer as the function of added proteinmust be interpreted
with caution [24].
If equilibrium can be ﬁrmly established, experiments done at
different temperatures offer the unique possibility to explore theFig. 3. Top: raw ITC data of binding of lysozyme to microgel particles at 298 K in
10 mM MOPS buffer pH 7.2. The black spikes are the heat of dilution of the protein and
the colored spikes are the change of heat corresponding to each injection of protein
into the microgel dispersion. Bottom: the lower panel shows the integrated heats Q of
each injection of lysozyme (circles) after subtraction of the dilution signal from the
overall signal. The solid line represents the ﬁt based on the Langmuir isotherm (see
below). Taken from Ref. [42].entire thermodynamics of protein adsorption. In principle, the
dependence of K on temperature should be related directly to DHitc,
that is, DHitc should coincide with the enthalpy DHvH derived from
application of van’t Hoff’s equation to Kb(T):
dln K
dT1

p
¼ DHbind
R
(3)
DSbind can also be extracted from the temperature dependence
of the free energy as follows:
dDGbind
dT
¼ DSbind (4)
However, recent investigations by ITC on related problems such
as proteineprotein interaction or protein unfolding have revealed
serious discrepancies between the two enthalpies [72,73]. This
ﬁnding has led to a number of investigations [74,75] and a critical
review thereof may be found in Ref. [73]. For the case of the
adsorption of proteins to SPB this question was recently addressed
by Ref. [32], and the case of protein binding to coreeshell microgels
was discussed in Ref. [42]. Both investigations led to the conclusion
that the total enthalpy DHitc must be split up into at least two parts:
DHitc ¼ DHbind þ DHres (5)
where only DHbind is related to the process of the binding of the
protein to the particles. The second part DHres is due to unrelated
equilibria, that is, to processes that proceed independently of the
process of binding. In case of the coreeshell microgels DHres was
shown to be partially caused by the protonation of lysozymewithin
the gel layer [42]. For the case of the adsorption of RNase A to
cationic SPB, DHbind was even found to be zero and the binding of
the protein was entirely driven by entropy. Thus, DHres acted as a
“marker enthalpy” in the latter case allowing us to measure a
binding process which is not leading to any enthalpic effect.
ITC measurements can also be used for determination of cata-
lytic activity of bound enzymes [76]. Here the enthalpy of the
enzymatic reaction is utilized and enzyme activities can be
measured with excellent accuracy. This method is strongly rec-
ommended in cases where a convenient colorimetric assay is
missing.
3.1.2. Small-angle X-ray scattering (SAXS)
Small-angle X-ray scattering (SAXS) and small-angle neutron
scattering (SANS) are the methods of choice when the radial den-
sity proﬁle of spherical particles are to be determined in solution
[77]. In general, SAXS is sensitive to the difference between the
electron density of the dissolved object and the dispersing medium
which is water in all cases discussed here. Thus, the measured
scattering intensity I(q) (q: magnitude of scattering vector; q¼ (4p/
l)sin(q/2), l: wavelength of radiation, q: scattering angle) follows as
IðqÞ ¼ B2ðqÞ (6)
where the scattering amplitude is given by
BðqÞ ¼ 4p
ZN
0
½rðrÞ  rm
sin qr
qr
r2 dr (7)
Here r(r) denotes the radial electron density whereas rm is the
respective quantity of the dispersing medium. The coreeshell
particles shown in Fig. 1 have been extensively investigated using
SAXS and Fig. 4 displays a typical example of an analysis of an SPB
by this method [78]. Here I(q) is shown together with a ﬁt deriving
from the radial excess electron density Dr ¼ rðrÞ  rm. This proﬁle
Fig. 4. SAXS-intensity of a spherical polyelectrolyte brush (weight fraction: 0.045). The
circles give the measured intensity and the solid line shows the optimal ﬁt (see text).
The dashed line refers to the contribution to I(q) deriving from the ﬂuctuations of the
brush layer afﬁxed to the surface of the particles. The inset presents the excess electron
density r(r)  rm as the function of the radial distance r which has been obtained from
this ﬁt. Taken from Ref. [78].
Fig. 5. Scheme of a composite of a spherical polyelectrolyte and a protein (BSA) as
measured by SAXS. The scheme is drawn to-scale. Taken from Ref. [78].
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resolution of the method. There is an additional contribution at
higher scattering angles which is due to the ﬂuctuations of the
chains attached to the core. Interaction between different particles
leads to depression in the region of smallest q. For most applica-
tions of this method to the particles under consideration here, this
effect may be safely dismissed (see Ref. [78] for a detailed discus-
sion of this point).
SAXS has been extensively used for the analysis of protein up-
take by spherical polyelectrolyte brushes [78e81]. Proteins have a
strong X-ray contrast in water [78] and their uptake by the SPB
leads to a marked change of the scattering curves. Evaluation of
these data leads to the radial distribution of the adsorbed proteins
within the layer and to the total amount of adsorbed protein sads.
This can be seen directly from eq. (6): For q ¼ 0, that is, for van-
ishing scattering angle the scattering amplitude is the integral over
the entire excess electron density of the particles. The comparison
of this quantity for particles with and without protein then leads
directly to the amount of adsorbed protein inasmuch as the excess
electron density of a single protein is known with precision. The
data thus obtained can then be compared to results obtained by
other methods [78,79,81]. Given the various sources of error, the
agreement is reasonably good.
The most signiﬁcant result obtained by SAXS is the radial
structure of the particles in solution. Fig. 5 displays a to-scale
scheme of an SPB with adsorbed BSA molecules derived from
SAXS [78]. The large number of adsorbed protein molecules is
directly visible. Moreover, the analysis of the SAXS-data demon-
strated that the BSA is strongly correlated to the polyelectrolyte
chains. This is another clear indication for the importance of elec-
trostatic interaction for protein adsorption.
3.1.3. Fluorescence spectroscopy
Fluorescence spectroscopy has been repeatedly used [43,82e
84] to study protein adsorption on spherical polyelectrolyte
brushes. In most cases, this technique requires ﬂuorescent-labeled
proteins. The labeling procedure, however, has to be well designed
in order to prevent changes of the native conformation of the
labeled protein. Moreover, one should always be aware that theintroduction of ﬂuorescent tags may modify the interactions with
nanoparticles by changing the net charge of the protein or by
directly interacting with the particle surface. Nienhaus and co-
workers used a green ﬂuorescent protein (mEosFP) in the ﬂuores-
cence experiments superseding ﬂuorescence labeling [82]. In this
study they monitored the uptake of mEosFP by individual SPB
particles using confocal laser scanning ﬂuorescence microscopy
with single molecule sensitivity (CLSM) [82]. They could demon-
strate that the protein is taken up by the polyelectrolyte layer on
the surface if the salt concentration is low in the system. Raising the
salt concentration then led to a nearly complete release of the
protein. Moreover, the well-known photo-physics of this protein
can be utilized to analyze the tertiary structure of the adsorbed
protein and the released protein as well. Here the authors found
that virtually no change or partial denaturation had happened [82].
The intrinsic protein ﬂuorescence from tryptophan residues has
also been used to analyze changes of the microenvironment upon
binding to nanoparticles and of the protein tertiary structure [85].
However, it has to be noted that ﬂuorescence of many particles,
such as systems based on polystyrene, strongly interferes with the
ﬂuorescence signal of the aromatic protein residues in the ultra-
violet range. In this case, the analysis requires the presence of
additional ﬂuorescent groups emitting in, e.g. the visible range.
Fluorescence spectroscopy with labeled proteins was recently
used by us to monitor the uptake of lysozyme by a coreeshell
microgel [42]. Because of the lower pH value inside the charged
network the intense ﬂuorescence of the ﬂuorescein-labeled protein
is quenched. Thus, the time-resolved analysis of the binding of
proteins to colloidal particles as well as to the study of competitive
protein adsorption can be done by monitoring the time-dependent
decay of the ﬂuorescence (see Section 4).
In a series of elegant experiments Nienhaus and coworkers
employed ﬂuorescence correlation spectroscopy (FCS) to monitor
protein adsorption on small (10e20 nm in diameter) and ﬂuores-
cent inorganic nanoparticles [86], a review has been given recently
[24]. They found that proteins bind with micromolar afﬁnity to the
particles to form a protein corona of thickness ofw3.3 nm [86]. The
group also performed time-resolved ﬂuorescence quenching
studies with labeled protein to monitor the association of protein
molecules with the hard nanoparticles.
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rescent protein (GFP) by other proteins from the surface of gold
nanoparticles exploiting the ﬂuorescence quenching capabilities of
this metal [87,88]. They elegantly showed that the GFP/gold
nanoparticle complexes provide an effective system suitable for
sensing of proteins in human serum containing a high overall
protein amount ofw70 g L1. Thus, it appears clear that techniques
based on ﬂuorescence spectroscopy offer a variety of possibilities to
obtain quantitative data on the interactions between proteins and
nanoparticles which would be useful for a multitude of nano-
science applications.
3.1.4. Fourier-transform infrared (FT-IR) spectroscopy
Fourier-transform infrared (FT-IR) spectroscopy is a valuable
technique to study the secondary structure of proteins in aqueous
solution [89,90] as well as in the adsorbed state [79,91e97]. Unlike
other techniques, e.g. circular dichroism, it is not limited to trans-
parent solutions and can be applied to samples which strongly
scatter light such as latex particles. The protein secondary struc-
tures are analyzed on the basis of the absorption pattern of the
amide bonds. The characteristic bands are the amide I and II
vibrational modes of the protein amide groups which appear in the
IR regime between 1500 and 1700 cm1. These are the most sen-
sitive vibrational modes to quantify the secondary structure ele-
ments, i.e. the a-helix and b-sheet content. Fig. 6 displays the
difference FT-IR spectra obtained from BSA absorbed to a spherical
polyelectrolyte brush [91]. The amide I and II band can be deter-
mined precisely despite the fact that the composite particles are
dispersed in water. In case of the SPB particles used in the study
[91] the absorption of the particles in the wavelength regionwhere
the protein amide vibrational modes appear is nominal and makes
data evaluation simple. On the other hand, it has been shown that
the adsorption of proteins to particles containing amide bonds in
their chemical structure can be treated by FT-IR spectroscopy as
well [41,42]. Therefore, the spectral contributions of the carrier
particles must be carefully analyzed and separated from the in-
tensities of the protein amide modes. Hydrogels and microgels
based on pNiPAm, for example, show such amide I and II modes-0.004
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Fig. 6. FT-IR spectra of a spherical polyelectrolyte brush loaded with bovine serum
albumin of varying concentration. Amounts of adsorbed protein: 1116 (bold line), 828
(semi-bold) and 577 (thin line) mg BSA per g of carrier particle. The spectra of the pure
SPB particle are plotted for comparison (dashed line). The dominant signals are
assigned to the amide I and II bands of the protein. All spectra are scaled to a con-
centration of 1 wt% of the carrier particle. Taken from Ref. [91].[98e100]. It has to be noted that the hydration of the amide groups
of uncharged gels is very sensitive toward changes of the temper-
ature rendering the IR spectra of the gels temperature-dependent,
too [98,100].
The shape and intensity of the protein amide bands gives in-
formation about the secondary structure of proteins [101e103].
One approach is based on shape recognition of the IR bands and a
calibration matrix created from IR spectra of proteins with known
structure. Usually, these structures were determined by performing
X-ray crystallography. This calibration set is then analyzed by using
a partial least square (PLS) method and the secondary structure of
the unknown protein is calculated [102,103]. The standard devia-
tion of the secondary structural elements with this method was
determined to 4.8% for the a-helix, 3.7% for the b-sheet and 5.1% for
random coil segments [102]. Several studies demonstrate that this
analysis is successfully applied to proteins immobilized on spher-
ical polyelectrolyte brushes [79,91,92,104] as well as on coreeshell
microgels [41,42].3.2. Protein adsorption: equilibrium isotherm
Binding of proteins from single protein solutions on the coree
shell microgels is well-described by the Langmuir adsorption
isotherm [41,42,44]. The Langmuir isotherm is an equilibrium
binding model and, thus, requires a dynamic equilibrium between
adsorbed molecules and those in the surrounding solution. It has
been applied to protein adsorption on a variety of systems,
including solid surfaces [105], silica nanoparticles [105,106], poly-
mer brushes [31,107,108] as well as microgels [39,41e43,62,109]. An
in-depth discussion of the Langmuir isotherm and its application to
protein adsorption has been given recently [44]. In principle, the
Langmuir isotherm describes the adsorption/desorption equilib-
rium between a solute and a solid system having N binding sites.
Note that this model is not restricted to the description of mono-
layers. The only prerequisite for the application of this model is
equilibrium, that is, the measured isotherm must result from an
adsorption/desorption equilibrium. This condition is often not ful-
ﬁlled and must be checked in each case (see above).
The Langmuir isotherm relates the fraction of adsorption sites in
the gel containing bound protein Q to the binding constant K given
by Ref. [110]
Q ¼ K P½ 
1þ K P½  (8)
where [P] is the concentration of protein in solution. For a microgel
containing N adsorption sites, Q is Nb/N, with Nb as the number of
proteins bound per particle. It must be noted that this isotherm
requires that N is a constant independent of any interaction be-
tween the adsorbing molecules. This excludes the formation of
additional layers due to strong interactions between the adsorbed
proteins.
Recently, a new derivation of the Langmuir isotherm could be
presented which is based on an excluded volume model [44]: The
gel is modeled as a given volume in which the proteins can move
freely, no immobilization on a ﬁxed site is assumed. Conﬁnement of
space then leads to packing constraints that counteract the elec-
trostatic attraction modeled in terms of a Donnan-potential. It is
important to note that the conventional Langmuir isotherm can be
recovered from this model as the limiting for low packing fractions
of the protein, that is, for packing fractions for which the excluded
volume constraint can still be approximated by a second virial co-
efﬁcient. Hence, the Langmuir isotherm is a far more general
approach than anticipated from its classical derivation [44].
Fig. 7. Schematic representation of the uptake of proteins by the negatively charged
microgel network with a core of radius Rc and an overall hydrodynamic radius Rh
(counterions not shown). Protein diffusion on the surface of the microgel is described
by the rate constant kD while the motion of the protein along the polymer chains of the
gel network is determined by the rate constant ki. Taken from Ref. [43].
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competitive adsorption [111] of two or more proteins to a given
particle. Here it is requires that N is of the same magnitude for both
competing proteins, that is, there is the same number of places onto
which both proteins may adsorb. This implies that both adsorbing
molecules are of the same size and have a similar interaction with
the adsorbent. Recently, we applied this model to the competitive
adsorption of lysozyme (A) and cytochrome c (B) (see Ref. [43] for
an extended discussion):
QA
½PA; ½PB ¼ KA½PA1þ KA½PA þ KB½PB (9)
QB
½PA; ½PB ¼ KB½PB1þ KB½PB þ KA½PA (10)
where [P]A and [P]B are the concentration of unbound protein A and
of the unbound competing protein B in solution, respectively. KA
and KB are the respective binding constants obtained from e.g. ITC
experiments for the adsorption of the respective single protein. It
has to be noted that the competitive Langmuir isotherm is solely
based on the binding constants of the individual proteins and does
not include cooperative phenomena. Thus, it is assumed that pro-
teins of type A do not inﬂuence the binding afﬁnity of the proteins
of type B and vice versa. Hence, application of eqs. (9) and (10) to
experimental data measured on binary mixtures of proteins can
decide whether the adsorbed proteins strongly interact within the
particles or whether they just compete for the N total binding sites
available on the particle. A ﬁrst successful demonstration of the
validity of this approach has been given recently [43]. Given the fact
that virtually all practical applications involve mixtures of many
proteins, modeling of the competitive adsorption is perhaps the
most important task in the immediate future.
In the case of spherical polyelectrolyte brushes the adsorption
isotherm required at least the combination of two Langmuir steps.
In order tomodel the very strong adsorption of e.g. of BSA onto SPB,
an expression based on the usual BET-isotherm has been developed
[30,112]. The resulting expression reads [112]
sads
sads;M
¼ zwads½P
1=n
1wads½P1=n

þ
h
1þ ðz 1Þwads½P1=n
i (11)
where sads,M denotes the maximummass of protein needed for the
strongest adsorbed layer and zwads[P] with z > 1 is the probability
of the adsorption of a protein molecule onto this layer. The prob-
ability for the adsorption of subsequent layers is only wads[P].
Hence, sads as function of [P] may be described in terms of four
adjustable parameters sads,M, wads, z and n. It should be noted that
eq. (11) describes the case in which the adsorbed proteins interact
heavily with each other. Hence, the analysis in terms of a conven-
tional Langmuir isotherm would no more be applicable.
3.3. Protein adsorption: kinetics
Colloidal particles provide a large surface in a small conﬁne-
ment. Hence, adsorption of proteins will lead to a marked change of
the system that can be detected by a wide variety of methods as a
function of time, most notably by time-resolved ﬂuorescence
spectroscopy [43] and by time-resolved SAXS [80]. As discussed in
the preceding section, protein adsorption on both types of particles
shown in Fig. 1 can be modeled by a single or a two-step Langmuir
isotherm. As demonstrated for the ﬁrst time recently [43] (see
Fig. 7), the kinetics of protein adsorption can be modeled in terms
of the kinetic Langmuir model [113]:dQ
dt
¼ kon ½B½PN½Mt
 koff
½PB
N½Mt
¼ konð1QÞ
½Pt  NQ½Mt koffQ (12)
where kon and koff is the adsorption and desorption rate, respec-
tively, [M]t is the total microgel concentration and [P]t is the total
protein concentration in solution. The analytical solution for Q(t)
was derived by Azizian [113] and can be used directly to ﬁt the data
deriving from time-resolved experiments. Eq. (12) can be further
simpliﬁed by using the relationship K ¼ kon/koff and by making the
substitution koff for kon/K. The adsorption constant K can be deter-
mined e.g. from the ITC analysis of the equilibrium state and the
only unknown in eq. (12) is the rate constant of adsorption kon.
For diffusion controlled binding reactions the diffusion ﬂux of
protein molecules to the adsorption sites becomes the rate-
determining step. As visualized in Fig. 7, the motion of the pro-
teins to the adsorption sites need to be divided into two contri-
butions which are quantiﬁed by the rate constants kD and ki: First,
the protein diffuses from the bulk solution to the microgel surface
which is characterized by the rate constant kD. This parameter can
be described by the rate constant of diffusion-limited association
reactions between small and large molecules with perfectly
absorbing boundary conditions (Smoluchowski rate) [114]:
kD ¼ 4pD0R (13)
where D0 is the diffusion coefﬁcient of the protein in solution, R is
the radius of the microgel. Thus, kD follows from the diffusion co-
efﬁcient of the protein under considerationwhich is typically about
1010 m2 s1 and from the hydrodynamic radius of the microgel Rh
which is used for R. The second contribution to kon considers the
uptake of the proteins into the three-dimensional chargedmicrogel
network. This term will be described by the parameter ki. Conse-
quently, kon is expressed by kD and ki, with ki being the sole un-
known parameter of eq. (12):
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
kD
1
þ

ki
1
(14)
N N
The above model has ﬁrst been applied to the adsorption of
lysozyme to a coreeshell microgel [43]. In this case, the two time
constants kD and ki were determined to be of comparable size.
4. Survey of results
Table 1 gives a survey of all references related to studies on
proteins adsorption on the systems shown in Fig. 1. In the following
a brief survey on the main results obtained so far on both systems
will be given.
4.1. Strength of interaction and driving forces
All investigations done so far on the systems shown in Fig.1 lead
to the conclusion that there are two main driving forces, namely
hydrophobic attraction and electrostatic interaction. The latter
force is weakened by raising the ionic strength while hydrophobic
attraction is nearly independent of small salt concentrations.
Hence, the inﬂuence of both forces can be analyzed by measuring
the dependence of the adsorbed amount of protein at different salt
concentrations [30,31]. This can be done also by ITC measurements
run at different salt concentrations [31,32,42e44]. Moreover, the
release of bound protein upon raising the ionic strength is a clear
indication for the important role of electrostatic forces. This effect
has been demonstrated for the spherical polyelectrolyte brushes by
ﬂuorescence spectroscopy [82] and by direct determination of the
amount of released protein after stepwise addition of salt [117].
A quantitative analysis of the inﬂuence of electrostatic interac-
tion of proteins with charged polymeric layers must in principle
consider two different cases: i) Aweakly charged layer in which the
distance of the charges on the polymer chains is larger than the
Bjerrum-length lB giving the distance at which the electrostatic
interaction between two probe charges is exactly kBT; ii) a strongly
charged system inwhich the distance of the charges on the polymer
chains is much smaller. Case i) refers to the weakly charged
microgels considered recently [42e44] while all spherical poly-
electrolyte brushes studied so far by us refer to case ii).
A quantitative analysis has recently been done for case i) and
applied to weakly charged microgels [44]. The protein is modeled
as a spherewith a given radius Rp and characterized by a net surface
charge number zp. The surface layer of the microgel is characterized
by the Donnan-potential D~f ¼ ebDf as lined out in Section 2.2.
However, during the process of protein binding to the charged
network the Donnan-equilibrium will be modiﬁed by the net
charge and amount of entering proteins. This leads to the change ofTable 1
Survey of investigations done on the adsorption of proteins to spherical polyelectrolyte
SPB anionic PAAa SPB, anionic PSSb
BSA [30,78,80,83,84,91,117] [78,79,91]
b-Glucosidase [112] [112]
b-Lactoglobulin [91] [81]
Ribonuclease A [78,91] [31,78]
Glucoamylase [112,123] [112]
Bovine hemoglobin [79]
mEosFP [82]
Lysozyme
Cytochrome c
a Poly(acrylic acid).
b Poly(styrene sulfonic acid).
c Poly([2-(methacryloyloxy) ethyl] trimethylammonium) (PMETA).
d Core: polystyrene, shell: poly(N-isopropylacrylamide) crosslinked by 2.5% N, N0-met
e Core: polystyrene, shell: poly(N-isopropylacrylamide) þ 10% poly(acrylic acid) crosselectrostatic interactions with progressing protein sorption and,
thus, to cooperative binding phenomena. Consequently, the total
binding constant K becomes a function of the protein concentration
and needs to be split up into an intrinsic part K0 and an electrostatic
part via
K xð Þ ¼ K0 exp bDGel xð Þ½  ¼
Q xð Þ
1Q xð Þ½  P½  (15)
where x ¼ [P]tot/[M]tot is the molar ratio between protein and
microgel with [P]tot and [M]tot as the total protein and microgel
concentration in the volume, respectively. Thus, the Gibbs binding
free energy is the sum of the intrinsic and x-independent binding
free energy DG0(x) and the electrostatic contribution DGel(x), that is
DG(x)¼ DG0(x)þ DGel(x). The intrinsic part DG0(x) is deﬁned by the
binding constant K0 which reads
bDG0 ¼ lnðK0=v0Þ (16)
where v0 is the “standard volume” which describes the “effective”
conﬁgurational volume in one binding box.
As shown in our recent paper [44], the termDGel(x) contains two
terms:
bDGel ¼ zpD~f
z2plB
2Rp

kgRp
1þ kgRp 
kbRp
1þ kbRp

(17)
The ﬁrst term describes the overall electrostatic interaction of
the charged sphere with the Donnan-potential. The latter, however,
must be corrected for the change of the total net charge by the
charge of bound protein as outlined in Refs. [43,44]. The second
term is related to the Born-energy of the charged protein sphere in
an environment characterized by the inverse screening length kg ¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8plBcg
p
with cg as the mean charge density in the gel network.
Here the subscript g refers to the gel phasewhile b refers to the bulk
phase. Since kg is larger in the gel phase, the overall contribution to
DGel is negative, that is, favorable. An extended discussion of this
term including its derivation is given in Ref. [44]. Here it sufﬁces to
state that this term that is of non-negligible magnitude when
compared to the ﬁrst term in eq. (17) is related to a better screening
of the surface charges of the protein in an environment with higher
salinity, i.e., in the gel as opposed to the bulk phase. If the salt
concentration in the bulk is raised, both terms in eq. (17) diminish
and the electrostatic driving force for the uptake of protein vanishes.
Using this model the free energy induced by the uptake of
protein could be analyzed in detail. The magnitude of the hydro-
phobic attraction of lysozyme to a pNiPAm-network was found
here to be of the order of 7kBT per protein molecules which cor-
responds to 2e3 hydrophobic contacts of one protein with pNiPAmbrushes (SPB) and coreeshell microgels.
SPB cationicc Microgel unchargedd Microgel chargede
[41] [43]
[32]
[42e44]
[43]
hylenebisacrylamide.
linked by 5% N, N0-methylenebisacrylamide.
Fig. 8. Top: interaction between a positively charged protein and the negatively charged coreeshell microgel. The dashed line illustrates the dimensions of the gel network. The
protein is protonated by the electrostatic potential of the polymer network when it enters the gel network. The protein is attracted by the charged network through electrostatic and
non-electrostatic interactions which induce microgel deswelling. Bottom left: chemical structure of the crosslinked p(NiPAm-co-AAc) shell. Bottom right: structure of lysozyme
(chicken egg white, PDB: 193L). The amino acids are colored as according to their polarity and charge: Positive (blue), negative (red), polar (yellow), hydrophobic (gray). Taken from
Ref. [42].
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forces could be argued from the fact that the hydrophobic termwas
independent of the concentration of added salt. Thus, a full quan-
titative modeling of protein uptake by a weakly charged gel could
be done in terms of a simple theory using well-deﬁned and intel-
ligible parameters as e.g. the number of hydrophobic contacts per
protein molecule. The entire approach is general and can be easily
extended to mixtures of proteins.
Fig. 8 summarizes the ﬁnding on weakly charged microgels in a
schematic fashion. Here another important effect is shown, namely
the shrinkage of the microgel layer upon uptake of protein. Obvi-
ously, the bound protein carries its own surface charge shown here
for the case of lysozyme. This charge neutralizes a part of theFig. 9. Protein binding to polyelectrolyte chains attached to a colloidal particle. Left: repres
polymer in the brush: MAETA. The core-to-shell ratio for the SPB is depicted to scale. Right
charged protein. The surface of a negatively charged protein consists of patches of positive c
the negatively charged polymer, causing the release of the counterions associated with both
amino acids are colored as follows: positive residues (blue), negative residues (red), polar ropposite charge of thenetwork thus releasing some salt ions into the
bulk phase. The shrinking of the microgel layer is of considerable
magnitude [43] and must be taken into account in a quantitative
treatment of the interaction of proteins with charged gels [44].
For the case of strongly charged spherical polyelectrolyte brushes
an additional effect must be taken into account as shown sche-
matically in Fig. 9. The overall structure of the SPB is mainly
determined by the marked osmotic pressure of the counterions
conﬁned within the brush layer. The strongly charged chains of the
bound polyelectrolyte become multivalent counterions of the
proteins by closely interacting with the surface patches of opposite
charge [30e32]. A semi-quantitative model taking into account
counterion release [115] was presented recently [31]. In particular,entation of a positively charged SPB particle and the chemical structure of the cationic
: electrostatic interaction of a positively charged SPB particle with an overall positively
harge. This positively charged patch (blue) can replace the counterions associated with
the polymer and the protein. Top right: structure of RNase A (bovine, PDB: 1FS3). The
esidues (yellow) and hydrophobic residues (gray). Taken from Ref. [32].
Fig. 10. a) FT-IR spectra of the charged microgel before and after adsorption of lyso-
zyme in 10 mM MOPS pH 7.2 at 298 K. The spectra are scaled a concentration of 1 wt%
microgel particles. Particles with immobilized lysozyme carry 660 mg protein per gram
microgel. b) FT-IR spectra of free and adsorbed lysozyme. The spectrum of adsorbed
spectrum is the difference spectrum of the protein loaded microgel and pure microgel.
The protein spectra are normalized to the same lysozyme concentration. Taken from
Ref. [42].
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have the same net charge (adsorption on the “wrong side” of the
isoelectric point [28,30,31]). For the adsorption of RNase A to a
cationic brush layer, the analysis by ITC demonstrated that the
driving force is entirely entropic [32]. For an extensive discussion of
counterion release and its relation to protein adsorption on brush
layers the reader is deferred to a recent review [47]. While the
model is not quantitative yet, the predicted correlation between the
Donnan pressure within the brush layer and amount of adsorbed
proteinwas shown for a number of systems [116]. Also, proteins are
released in a controlled fashion when ionic strength is raised
[82,117]. Finally, the analysis of the composites of proteins and the
SPB by SAXS demonstrates that the proteins sit directly on poly-
electrolyte chains [80], that is, they slide along the charged chains
when entering the brush layer (see below).
Summarizing this part it is fair to state that the interaction of
proteins with weakly charged networks is well-understood on a
semi-quantitative level. In case of the strongly charged brush layers
two additional factors are clearly identiﬁed, namely counterion
release and charge reversal (see also Refs. [118,119] for further
details).
4.2. Secondary and tertiary structure
4.2.1. Analysis by FT-IR
FT-IR spectroscopy can be used to analyze the protein structure
after immobilization into a dense microgel network [42]. This is
shown in Fig. 10. Here the spectra of a negatively charged pNiPAm
microgel are plotted before and after adsorption of lysozyme
(Fig. 10a) [42]. Due to the presence of amide bonds in the carrier,
the IR spectrum of the particle is dominated by the amide I and II
vibrational mode as well. The analysis of these data, however,
showed that the secondary structure analysis of the proteins bound
to these microgels is not compromised by the absorption of the
microgel. Fig. 10b compares the FT-IR spectrum of the free protein
with the one of the adsorbed lysozyme, which has been received
from the difference spectrum of the protein loaded and pure
microgel particle. The information of the protein secondary struc-
ture in case of the adsorbed and free lysozyme was obtained by
analyzing the FT-IR data using a PLS algorithm.
Using this method the b-sheet and a-helix content of the bound
protein was determined to (2  3)% and (30  4)%, respectively.
These values are comparable to the values found for free lysozyme
determined by us and others [42,102]. Concluding these results, the
protein remains intact despite of the strong electrostatic and non-
electrostatic interactions between the protein and the polymer
chains of the microgel. On the other hand, protonation of the
protein as observed during its uptake by the charged microgel [43]
is not expected to cause conformational changes of the secondary
structure in as much lowering the pH value from pH ¼ 7 to pH ¼ 5
has no effect on the secondary structure of lysozyme in solution
[120]. Hence, signiﬁcant unfolding or denaturation is not observed
for proteins immobilized into the microgel networks. These parti-
cles may therefore have use in biotechnological applications.
4.2.2. Analysis by ﬂuorescence
Labeling of proteins with ﬂuorescent probes or using of ﬂuo-
rescent proteins allows the use of ﬂuorescence microscopy and
ﬂuorescence spectroscopy to visualize the uptake of proteins by
particles and to study the structural properties of the adsorbed
proteins. In our previous study we used the green ﬂuorescent pro-
tein mEosFP as direct probe to monitor its uptake by the 100 nm
thick brush layer of single SPB particles using ultrasensitive confocal
ﬂuorescencemicroscopy [82]. At low ionic strength the SPBparticles
were able to incorporate up to 30 000 proteinmolecules resulting inhighly ﬂuorescent spots in the microscopy image while raising the
salt concentration to w250 mM led to the complete release of
mEosFP. The structural integrity of the protein in the adsorbed state
can be assessed by analyzing the photophysical properties of
mEosFP before, during, and after its interaction with the poly-
electrolyte chains of the SPB particle. Fluorescence lifetime mea-
surements are sensitive toward environmental changes and may
give further information on the tertiary structure. The analysis of the
exponential decay of ﬂuorescence of free mEosFP and adsorbed
mEosFP yielded accelerated ﬂuorescence decay in densely loaded
SPB particles. The shorter lifetime resulted in a quenching of the
ﬂuorescence emission intensity from protein molecules inside the
brush by w50%. In contrast, the ﬂuorescence lifetime of mEosFP
molecules after desorption from the SPB particles were comparable
to the value of mEosFP before its interaction with the particle indi-
cating that the protein retains its native conformation [82].
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Measuring the catalytic activity of bound enzymes by suitable
assays [121,122] or by ITC [76] provides a direct measure for
possible distortions of the tertiary structure. Evidently, this analysis
must be done in terms of the classical MichaeliseMenten kinetics
y ¼ kcat½E½S
Km þ ½S (18)
where [S] is the substrate concentration, Km is the Michaelise
Menten constant; [E] is the total protein concentration and kcat is
the turnover number. The latter quantity gives a precise measure
for any distortion of the active center of the enzyme.
Investigations carried out on enzymes immobilized on SPB
particles [76,112,123] demonstrated that the activity may be
slightly less than in free solution. Microgels, on the other hand,
have turned out to be ideal “nano-reactors”: Here it could be shown
that proteins may have higher activities than in free solution
[41,42]. Fig.11 demonstrates this ﬁnding and the respective analysis
using b-D-glucosidase bound to an uncharged microgel [41]. The
LineweavereBurk plots of the free and incorporated enzyme shown
in Fig. 11a were measured at 298 and 317 K, respectively. The
lowered slopes of the plots obtained for the immobilized enzymesFig. 11. a) Lineweaver-Burk plots for the hydrolysis of ortho-nitrophenyl-b-D-glucopyranosid
(right) in 10 mM MOPS buffer pH 7.2. b) Arrhenius plots obtained for native (-) and immob
0.01 g L1 (native enzyme) and 0.0035e0.01 g L1 (bound b-D-glucosidase), respectively, and
linear ﬁts of the experimental data. In addition, the hydrodynamic radius Rh of the carrierlead to higher turnover numbers for the b-D-glucosidase molecules
located within the microgel network both below and above the
LCST of pNiPAm. These observations suggest that the enzyme re-
mains intact after incorporation into the gel network. This is even
shown more precisely in the Arrhenius plots obtained for b-D-
glucosidase in solution and for enzymemolecules incorporated into
the network (Fig. 11b). It is clearly shown that kcat of the enzyme in
the bound state is of some magnitudes larger than the values
calculated for b-D-glucosidase dissolved free in solution. The in-
crease of the hydrophobicity and the drastic volume change upon
temperature increase do not induce changes of the folded state of
the protein. The weak retardation of the catalytic activity at tem-
peratures around the LCST indicates an emerging inﬂuence of the
deswelling microgel network on the free diffusion of the substrate.
This effect, however, is very weak and does not prevent the con-
version of ortho-nitrophenyl-b-D-glucopyranoside at temperatures
above the LCST. Besides the enhanced activity of immobilized b-D-
glucosidase we observed altered amide I and II bands in the FT-IR
spectrum of the bound protein which suggest the formation of
hydrogen bonds between the polymer chains of the microgel and
the protein [41]. The latter may account for the increase of the
catalytic activity of b-D-glucosidase during its interaction with the
microgel network.e catalyzed by immobilized ( ) and native b-D-glucosidase (-) at 20 C (left) and 40 C
ilized b-D-glucosidase ( ). The enzyme concentration was located between 0.005 and
the substrate concentration was varied between 1.0 and 20.0 mM. The dashed lines are
is shown as function of temperature T ( ). Taken from Ref. [41].
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suitable protein carriers having a beneﬁcial inﬂuence on the func-
tion of enzymes [43]. The activity test of lysozyme adsorbed to the
negatively charged microgel network demonstrated an increased
activity of lysozyme in the adsorbed state. The modiﬁed activity is
closely related to the lowered pH value within the charged network
causedby the electrostatic potential of theﬁxed charges in the gel. In
particular, the turnover number of the adsorbed enzyme corre-
sponds to the activity of lysozyme in solution in the protonated state
at its pH optimum (pHw 5). These investigations suggest that the
pronation state and, thus, the activity of adsorbed enzymes may be
adjusted by tuning the electrostatic potential of the particles
through the amount ofﬁxed charges and the salt concentration [43].
4.2.4. Quaternary structure of adsorbed proteins: SAXS
The analysis of bound proteins by SAXS has demonstrated that
the proteins are closed correlated with the chains of the poly-
electrolyte layer [78,79,81]. SAXS may also be used to analyze the
quaternary structure of bound proteins at least in a semi-
quantitative fashion. Fig. 12 shows this for the example of b-
lactoglobulin bound to an anionic spherical polyelectrolyte brush
[81]. The precise analysis by SAXS conducted in Ref. [81] showed
that b-lactoglobulin is slightly aggregated within the brush layer.
This is to be expected for the lower pH within the brush layer. The
entire analysis demonstrates that SAXS is capable of analyzing the
quaternary structure of adsorbed proteins under suitable
conditions.Fig. 12. Experimentally determined scattering intensity I(q) of spherical poly-
electrolyte brush particles. Parameter is the different amounts of added b-lactoglobulin
(symbols). The particle number density is rs ¼ 2.01  108 nm3, while the protein
number density increases from bottom to top according to rp/rs ¼ 1629 (101 mg BLG/g
SPB), 6514 (400 mg BLG/g SPB), 9771 (600 mg BLG/g SPB), 12,214 (750 mg BLG/g SPB),
16,286 (990 mg BLG/g SPB). The upper four data sets have been shifted by a constant
factor. The solid lines depict the calculated scattering intensities. In panel (b) the
electron density proﬁles of the pure brush (Db(r, rp ¼ 0), black line), the brush with
adsorbed proteins (Db(r, rp), red line) and the pure adsorbed proteins (Dbp(r, rp), blue
dashed line) are shown in for a core radius of 37 nm (c): Cutout of a 2-dimensional
representation of the SPB with the distribution of 400 mg BLG/g SPB derived from (b).
The protein molecules which are in the outer part of the brush layer can be released by
extensive ultraﬁltration. The presented illustration is up to scale. Taken from Ref. [81].4.3. Kinetic studies of protein adsorption
4.3.1. Analysis by ﬂuorescence spectroscopy
Unlike the kinetic studies of protein adsorption on micron-sized
particles [124,125] the uptake of protein by colloidal particles
cannot be visualized by microscopic techniques but needs to be
studied by other methods, such as ﬂuorescence spectroscopy and
SAXS. In our recent work we quantiﬁed the adsorption of proteins
by negatively charged microgel particles as a function of time by
monitoring the ﬂuorescence intensity of ﬂuorescein-labeled lyso-
zyme (lysozymeFITC) with time (Fig. 13) [43]. Upon uptake into the
gel network the ﬂuorescence intensity of the labeled protein is
drastically reduced. The loss of ﬂuorescence of the ﬂuorescent
probe is directly correlated with the adsorption of lysozyme and is
caused by the lowered pH value within the charged microgel
network. Fig. 14 depicts the uptake of lysozyme into the charged gel
layer as function of time for different protein concentrations at low
salt concentration. These experiments demonstrate that lysozy-
meFITC appears to adsorb in two steps which drastically differ in
their time regimes. This is indicated by the ﬁrst sharp decrease of
the intensity within the ﬁrst seconds after microgel injection (fast
regime) which is followed by a much slower step (slow regime).
The latter continues over several hundred seconds in contrast to the
ﬁrst step. Apparently the fast regime of protein binding seems to be
controlled by the diffusion of the protein toward the network and
its uptake by the shell. This process can be quantiﬁed using the
kinetic Langmuir model (eq. (12)).
The fast motion of the proteins into the microgel needs to be
split up into two contributions which is explained by the differing
transport properties in the bulk and gel phase: i) The diffusion of
the proteins in the bulk solution to the microgel surface which is
quantiﬁed by kD; ii) and the protein uptake by the gel network
which is characterized by ki (see Fig. 7). Applying the theoretical
model outlined in Section 3.3 to the kinetic data acquired for
lysozyme binding gives access to the time constants kD and ki. In
this case kD and ki were determined to be of comparable size.The kinetic analysis was complemented with the thermody-
namic binding study performed by ITC which gives access to the
binding constant K. From the known values of K and kon one can
calculate the desorption rate constant koff. The latter was deter-
mined tow0.5 s1 which translates into a mean residence time of
lysozymeFITC on the microgel network koff1 of around 2 s. However,
Fig. 14 suggests a two-step binding mechanism where only 90% of
the protein is taken up in the fast binding regime. The remaining
protein fraction is adsorbed much more slowly in a following step.
This slow binding regime is described by a time constant of a few
hundred seconds and may be caused by collective phenomena:
Fig. 13. Interaction between ﬂuorescein-labeled lysozyme and a coreeshell microgel. The core of the particle consists of polystyrene and the shell contains a network of poly-(N-
isopropylacrylamide) (pNiPAm) and acrylic acid. The concentration of the ions inside is determined by the ion concentration of the outer solution through the Donnan-equilibrium.
The lower pH within the network and mutual quenching of the ﬂuorophores leads the decrease of the ﬂuorescence intensity that can be analyzed as the function of time. These data
are used for the quantitative analysis of the kinetics of protein uptake.
N. Welsch et al. / Polymer 54 (2013) 2835e2849 2847Since the binding of oppositely charged proteins causes shrinking
of the microgel network, the decrease of the microgel volume with
time may lead to the rearrangement of bound proteins within the
microgel. The deswelling of the microgel and the reorientation of
the protein molecules toward the charged polymer certainly con-
tinues over longer time scales resulting in protein uptake over
several hundred seconds (slow binding regime).
4.3.2. Analysis by SAXS
SAXS can be used in special cases to monitor the kinetics of the
uptake of proteins into SPB [80]. Fig. 15 shows the main result fromFig. 14. Uptake of lysozyme by the microgel as function of time: Fraction of occupied
binding sites Q as function of time after addition of 0.029 g L1 microgel dispersion in
to a solution of lysozymeFITC of two different concentrations. The time of microgel
injection was set to t ¼ 0. The experiments were done in 10 mM MOPS buffer pH 7.2 at
293 K. The solid lines represent the ﬁt according to eq. (12) the dashed lines represent
the theoretical curve predicted by eq. (12) with kon set to kD/N, i.e., ki ¼ N in eq. (14).
Taken from Ref. [43].the latter analysis in a schematic fashion [80]: The protein mole-
cules are sliding along the polyelectrolyte chains. This result has
been concluded from the fact that the total amount of adsorbed
protein sads determined from the analysis of the SAXS-data in-
creases as t0.25 and not as t0.5 as expected for a purely diffusive
transport. The electrostatic interaction increases when the proteins
are moving from outside into the brush layer along the radial di-
rection and the proteins are driven into the brush by the inhomo-
geneous electric ﬁeld. A simplemodel based on this fact leads to the
exponent 0.25 as observed experimentally [78]. From the estimated
time constant of this process it is clear that this motion must be a
sliding along the chains of the polyelectrolyte, not a movement ofFig. 15. Overall amount of adsorbed protein, sads as a function of time. sads has been
obtained from the evaluation of the electron density proﬁles measured by SAXS. The
inset schematically depicts the motion of proteins through the polyelectrolyte layer
driven by the inhomogeneous electric ﬁeld within the brush layer. Taken from
Ref. [80].
N. Welsch et al. / Polymer 54 (2013) 2835e28492848the proteins in aqueous solution. The latter process would be much
faster and not anymore by measurable by the time-resolved SAXS-
technique used in Ref. [80].5. Conclusions
The foregoing discussion has demonstrated that we now have a
well-developed set of tools that allow us to study the binding of
proteins to functional nanoparticles in a detailed fashion. ITC and
SAXS lead to a precise determination of the adsorption isotherm
whereas spectroscopic techniques as FT-IR give information about
the secondary structure of the adsorbed proteins. The dynamics of
adsorption can now be determined precisely by ﬂuorescence
spectroscopy and by SAXS. Information about the distribution of
the bound proteins is available through SAXS. Last not least, activity
measurements of bound enzymes lead to a precise assessment of
the tertiary structure and qualitative information about possible
aggregation of bound proteins may become available through SAXS
as well. All data furnish the ﬁrm basis for a theoretical modeling of
protein adsorption to functional polymeric layers.Work along these
lines is under way.Acknowledgment
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